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Abstract: In this work nuclear magnetic resonance (NMR) and impedance spec-
troscopy (IS) studies on Li ion dynamics in microcrystalline 𝛾-LiAlO
2
are pre-
sented. The sample was prepared by solid state synthesis between Li
2
CO
3
and
Al
2
O
3
in air, followed by a quenching procedure. The presence of phase-pure 𝛾-
LiAlO
2
was confirmed by X-ray powder diffraction including Rietveld refinement.
Further structural characterizationwas done with 6Li, 7Li and 27Al NMR. Several
NMR techniques such as spin-lattice relaxation measurements, motional narrow-
ing experiments, as well as spin-alignment echo were employed for the investiga-
tion of Li ion diffusion. The measurements were carried out at high temperatures
(up to 970 K) in order to access the regime of Li ion motion being very slow. The
dc conductivities measured by IS in the temperature range from 680 K to 870 K
were converted to diffusion coefficients being compatible with those obtained by
NMR.
Keywords: LiAlO
2
, Lithium Ion Diffusion, Nuclear Magnetic Resonance,
Impedance Spectroscopy.
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1 Introduction
Lithium compounds have been intensively studied during the last few decades
(see, e.g., [1–6]). The main reason for this large interest is the attractive applica-
tion possibility of these materials as ion conductors in the field of energy storage.
Fast ionicmotion is preferred in battery electrolytes [7] whereas the electrolyte ad-
ditives are designed to have extremely slow ionic diffusion [8–10] for stability rea-
sons. Small Li diffusivity is important also for some industrial applications such
as in semiconductor manufacture [11] and in fusion reactors [12]. But the proper
understanding of slow diffusion phenomena is very challenging. Therefore, fun-
damental research to elucidate the physical background of the slow dynamics is
highly significant.
𝛾-LiAlO
2
, being a poorly conducting material with a diffusion coefficient of
about 10−26m2/s at 298 K [13], serves as a good coating of Li electrodes [14]. In
addition, it finds application as a tritium breeding material in fusion reactors [15]
and as a substrate for the epitactic growth of III-V semiconductors [11], mainly
because of its slow ionic diffusion properties.
In the present work, ultra-slow Li ionic motion in microcrystalline 𝛾-LiAlO
2
has been investigated using nuclear magnetic resonance (NMR) and impedance
spectroscopy (IS). With the help of solid-state NMR, the microscopic aspects of
ionic diffusion are probed, while the macroscopic diffusion parameters are ob-
tained from IS. Apart from studies with other methods [16–18], there are only
a few publications about Limotions in this material investigated by NMR. Indris
et al. studied 𝛾-LiAlO
2
single crystals grown by the Czochralski technique [13,
19]. Wohlmuth et al. investigated nanocrystalline 𝛾-LiAlO
2
, prepared by ball
milling [20]. We have studied the diffusivities of microcrystalline 𝛾-LiAlO
2
, syn-
thesized by solid-state route.
2 Experimental
2.1 Solid state synthesis
For the synthesis of 𝛾-LiAlO
2
, lithium carbonate Li
2
CO
3
(Aldrich, 99.997%) and
𝛼-aluminium oxide Al
2
O
3
(Alfa Aesar, 99.98%) were used as starting materials
in an appropriate molar ratio (1 : 1). The carefully mixed powders were pressed
to pellets and slowly heated up to 1373 K. After 20 h at 1373 K, the pellets were
quenched by removing them quickly out of the furnace. The powder was chemi-
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cally characterized using a LECO EF-TC 300 N
2
/O
2
analyzer (hot gas extraction)
for oxygen content determination.
2.2 X-ray diffraction
For powder X-ray diffraction, we used a “PANalyticalX’Pert PRO MPD” diffrac-
tometer in Bragg-Brentano (𝜃–𝜃) geometry equipped with a Cu-𝐾𝛼 source and a
“PIXcel” detector. Rietveld refinements were carried out with the FULLPROF 2006
program package using pseudo-Voigt profile functions [21].
2.3 Nuclear magnetic resonance
For the NMRmeasurements two spectrometers were used: a BrukerMSL 100 (con-
nected to a field-variable Oxford cryomagnet) at a frequency of 38.8MHz for 7Li
resonance and a Bruker Avance III 600 with 233.3MHz as 7Li resonance fre-
quency.
Structural investigations (6Li, 7Li and 27Al NMR) were carried out using the
Avance III 600 spectrometer. A 2.5 mm probe was used for magic-angle spinning
(MAS) experiments at 10 kHz rotation frequency. The spectra were referenced to
dilute solutions of lithium chloride and aluminium nitrate.
Temperature-dependent static 7Li NMR line shapes were recorded with the
MSL 100 spectrometer. A home-built probe was used in order to carry out high-
temperature NMR experiments (298 K–873 K).
Spin-lattice relaxation (SLR) rates were measured with the Avance III 600
spectrometer. The sample was rotated at 3 kHz. For measuring SLR rates in the
laboratory frame of reference the saturation recovery pulse sequence was used
(10 × (𝜋/2) − 𝑡
delay
− 𝜋/2− acquisition). The magnetization transients were fit-
ted with a stretched exponential function. SLR rate measurements in the rotating
frame of reference were performed using a spin-lock frequency of 23 kHz. High-
temperature measurements (up to 973 K) were carried out with a laser-heated
7mmMAS probe.
The decay of 7Li spin-alignment echoes (SAE) was monitored with the MSL
100 spectrometer under static conditions. For this, the Jeener-Broekaert pulse se-
quence [22] was used:
(𝜋/2)
X
− 𝑡
p
− (𝜋/4)
Y
− 𝑡
m
− (𝜋/4)
𝛿
− acquisition.
While the preparation time (𝑡
p
) of 10μs was kept constant, the mixing time (𝑡
m
)
was varied between 100 μs and 100 s.
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2.4 Impedance spectroscopy
Impedance measurements were carried out under argon atmosphere using a HP
4192 analyzer with a home-built cell in the temperature range between 298 and
900 K and in the frequency range from 5Hz to 13MHz. A Eurotherm controller
was used tomonitor and adjust the temperature. The powderwas pressed to a pel-
let with 8mm diameter and 1mm thickness applying a pressure of 0.4 GPa at
room temperature. On the pellet a Pt layer was deposited by sputtering. The sam-
ple was held at each temperature for 30min before measuring.
3 Results and discussion
3.1 Structure characterization
After synthesis, the microcrystalline 𝛾-LiAlO
2
sample was characterized by XRD.
In Figure 1, the XRD patterns are shown together with the results from Rietveld
refinement analysis. The phase purity of the material is clearly confirmed. In Fig-
ure 2, the crystal structure of 𝛾-LiAlO
2
is shown. It crystallizes in the tetragonal
space group𝑃4
1
2
1
2with a density of 2.62 g/cm3 [23]. The lattice consists ofAlO
4
and LiO
4
tetrahedra connected with each other [24].
Further 𝛾-LiAlO
2
structure investigations were performed by NMR spec-
troscopy. In particular, 27AlMASNMRwas used for the determination of the envi-
ronmentofAl. For 27Al (spin 𝐼 = 5/2) the central transition signal is broadenedbe-
cause of quadrupolar interactions. Thus, the static 27Al spectra cannot be used to
obtain high resolution information for the structural characterization. To average
these interactions magic-angle spinning (MAS) NMR was applied [25]. Figure 3a
shows the 27Al MAS NMR spectrum of 𝛾-LiAlO
2
with the central transition po-
sitioned at 80 ppm. This chemical shift corresponds to tetrahedrally coordinated
Al-O [24]. The two small signals marked by asterisks are side bands caused by
spinning.
Furthermore, 6Li and 7Li NMR spectra of 𝛾-LiAlO
2
were recorded. Since
the 6Li nucleus (spin 𝐼 = 1) has a much smaller quadrupole moment (𝑄 =
− 0.08 fm
2 [26]) than 7Li (𝐼 = 3/2, 𝑄 = − 4.1 fm2 [27]), the 6Li MAS NMR spec-
trum provides higher resolution than that of 7Li. So, 6LiNMR can give more accu-
rate information about the number of different Li sites in the crystal. The 6Li spec-
trumof𝛾-LiAlO
2
shows only oneNMRsignal (Figure 3b), confirming the presence
of a single Li site in our 𝛾-LiAlO
2
sample. The 7Li static NMR spectrum clearly
shows a quadrupolar contribution (Figure 3c). The quadrupolar coupling con-
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Figure 1: X-ray powder diffractogram of 𝛾-LiAlO
2
with the results of Rietveld refinement.
Figure 2: The crystal
structure of 𝛾-LiAlO
2
(tetragonal unit cell in
black).
stant 𝐶
𝑄
can be calculated from the line shape of the 7Li NMR signal which was
recorded using the solid echo pulse sequence [25]. The largest quadrupolar split-
ting, simulated by DMFIT [28], yields a quadrupolar coupling constant of about
95 kHz. It is consistent with 𝐶
𝑄
of single crystalline 𝛾-LiAlO
2
[19].
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Figure 3: Structure characterization of microcrystalline 𝛾-LiAlO
2
: 27AlMAS (a), 6Li (b) and 7Li (c)
static solid-echo NMR spectra at room temperature. The rotation frequency in the case of 27Al
MAS was 10 kHz.
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Figure 4:Motional narrowing: 7Li NMR line width (full width at half-maximum) plotted against
temperature. The line is to guide the eye.
3.2 Dynamics investigations
To probe Li ion diffusion, the temperature dependence of the 7Li NMR line width
was investigated under static conditions. At low temperatures broad lines were
observed. On heating the Li ion motion gets faster, which eventually averages the
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Figure 5: 7Li NMR relaxation measurements: relaxation rate (1/𝑇
1
and 1/𝑇
1𝜌
, respectively)
dependence on inverse temperature in the laboratory (233MHz) and rotating (23 kHz) frames of
reference.
Li–Li dipolar couplings. Consequently the NMR line width decreases. This mo-
tional narrowing effect is often used to get first insights into the jump processes
in solids [2]. In Figure 4 the full width at half-maximum (fwhm) plotted against
temperature is shown. For the microcrystalline 𝛾-LiAlO
2
, the motional narrow-
ing starts at 600 K. For 𝛾-LiAlO
2
single crystals a similar result was presented by
Indris et al. [13]. In the case of nanocrystalline 𝛾-LiAlO
2
, the motional narrow-
ing starts at a lower temperature due to the comparably faster diffusion in such
structures [4, 20].
NMRSLRmeasurements arewidelyused for studyingLi iondiffusion [2]. Tem-
perature dependent SLR times in the laboratory (𝑇
1
) and rotating (𝑇
1𝜌
) frames
of references are monitored. The semi-logarithmic plot of the SLR rates against
inverse temperature shows a diffusion-induced maximum. The mean ionic jump
rates can be estimated from the maximum of the rate peak. The shape of the peak
indicates the activation energy for ionic jumps, the dimensionality of the diffu-
sion pathway, and correlation effects [29]. In the present work, the SLR times 𝑇
1
of 𝛾-LiAlO
2
were measured at a 7Li Larmor frequency of 233MHz. At room tem-
perature𝑇
1
was about7 s. The influence of diffusion on themeasured SLR rate𝑇−1
1
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Figure 6: Averaging of quadrupolar interactions: 7LiMAS NMR spectra at 298 K (on the left) and
at 973 K (on the right) recorded at a resonance frequency of 233MHz and with a rotation
frequency of 3 kHz.
was detectable in the temperature regime from about 473 K to 973 K (Figure 5).
Since the diffusion in 𝛾-LiAlO
2
is very slow, only the low-temperature flank of
the diffusion-induced rate peak could be observed at the above-mentioned con-
ditions. Nevertheless, the low-temperature flank, which is sensitive to local Li+
hopping, can be analyzed to determine the apparent activation energy of this dif-
fusion process. After a correction of the measured SLR rates with respect to non-
diffusive contributions extrapolated from the data at lower temperatures (“SLR
background”, see, e.g., [8]), an Arrhenius fit of this flank gives an activation en-
ergy of about 0.7 eV.
In addition, relaxation times in the rotating frameof reference (𝑇
1𝜌
)weremea-
sured (Figure 5). This technique allows a reduction of the effective field frequency
to the order of kHz. As a consequence, the diffusion-induced rate peak shifts to
lower temperatures. For the𝑇
1𝜌
measurements, a spin-lock field with a frequency
of 𝜔
1
/2𝜋 = 23 kHz was applied. The analysis of the 𝑇−1
1𝜌
low-temperature flank
yields an activation energy of about 0.7 eV. This is in agreement with the value
calculated from the 𝑇−1
1
flank. Only the very beginning of the high-temperature
flank of 𝑇−1
1𝜌
could be observed (Figure 5). Assuming that the two identical 𝑇−1
1𝜌
values define the maximum of the rate peak, we can estimate the jump rate (𝜏−1)
at 973 K using the maximum condition for 𝑇−1
1𝜌
peak (𝜏 × 𝜔
1
≈ 0.5). Therefore,
from the 𝑇−1
1𝜌
peak, the Li ionic jump rate can be estimated as 2.9 × 105 s−1. This
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Figure 7: 7Li spin-alignment echo NMRmeasurements: the echo amplitudes 𝑆
2
as a function of
mixing times (𝑡
m
) at different temperatures.
result is in very good agreement with the jump rate deduced from the motional
averaging of the 7Li quadrupole interaction at high temperatures (cf. Figure 6).
At low temperatures, the 7Li MAS NMR signal shows spinning side bands due
to partial averaging of the quadrupole coupling. But at 973 K, these quadrupole
side bands vanish, indicating a complete averaging of the quadrupole interaction
(𝑄
avg
) due to the fast Li motion (cf., e.g., [30]). Since the 𝐶
𝑄
of microcrystalline
𝛾-LiAlO
2
is 95 kHz, a Li jump rate of 105 s−1 can be estimated.
To probe Li ion diffusion at a different time scale, spin-alignment echo (SAE)
NMR was applied. This technique has been proved to be advantageous to study
extremely slow motions at relatively low temperatures [8]. Contrary to NMR re-
laxometry, SAE NMR provides direct access to jump rates. The mixing time (𝑡
m
)
dependent decay of the spin-alignment echo amplitude is shown in Figure 7. The
temperature regime where the echo decay was influenced by diffusion was be-
tween 443 K and 543 K. The jump rates 𝜏−1 calculated are in the range from 6 to
600 s
−1. They obey the Arrhenius law
𝜏
−1
= 𝜏
−1
0
𝑒
−𝐸
a
/𝑘
B
𝑇 (1)
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Figure8: Comparison of 𝛾-LiAlO
2
diffusivities derived from different methods: The solid line is
the Arrhenius fit for the results from 7Li SAE and solid echo NMR (𝑄
avg
) yielding an activation
energy of 0.7 eV.
and give an activation energy 𝐸
a
of about 0.7 eV, similar to that derived from the
relaxation measurements. Here, 𝜏−1
0
is the pre-exponential factor, 𝑘
B
the Boltz-
mann constant, and 𝑇 the temperature.
If we assume 3D diffusion and uncorrelated jumps of Li in LiAlO
2
the dif-
fusion coefficient 𝐷 can be calculated from the average jump rate 𝜏−1 using the
Einstein-Smoluchowski equation
𝐷 = 𝑙
2
/6𝜏 (2)
where 𝑙 is the jump distance. Here, the shortest Li–Li distance (3.091 Å [13]) in
𝛾-LiAlO
2
was taken. The results are plotted in Figure 8.
For a macroscopic point of view of diffusion in 𝛾-LiAlO
2
, impedance spec-
troscopy was applied. The spectra of the real part of the conductivity versus fre-
quency as isotherms were recorded. The conductivities 𝜎
dc
were derived from
frequency-independent plateaus of isotherms showing up in the low-frequency
regime. From 𝜎
dc
diffusion coefficients were calculated by the Nernst-Einstein
equation
𝐷 = 𝑇𝜎
dc
𝑘
B
/(𝑁𝑞
2
) (3)
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where 𝑁 is the number density of mobile Li ions (2.39×1028m−3 for 𝛾-
LiAlO
2
[13]), and 𝑞 is their charge.
These also follow the Arrhenius law
𝐷 = 𝐷
0
𝑒
−𝐸
a
/𝑘
B
𝑇 (4)
The activation energy was found to be 0.9 eV for the temperature range between
680 K and 870 K (Figure 8). Secondary ion mass spectrometry (SIMS) showed
a similar activation energy of 0.9 eV for amorphous LiAlO
2
[31]. As expected, the
values of diffusion coefficients occurred to be higher in the amorphous material
than in themicrocrystalline formdespite the similar activation energies. This indi-
cates that the pre-exponential factor𝐷
0
(Eq. 3) is higher for the amorphousmate-
rial whichhas quite often been found (see, e.g., [32–34]). The Li diffusivities of the
nanocrystalline 𝛾-LiAlO
2
samples reported in the literature [20] are also higher
than those presented here for the microcrystalline form, and the activation en-
ergy varies from 0.78 to 1.14 eV depending on the milling time. So the overall dif-
fusion behavior in different structural forms (single crystalline, microcrystalline,
nanocrystalline and amorphous) seems to be qualitatively similar to that in the
extensively studiedmodel system LiNbO
3
[32, 35, 36], although the diffusivity en-
hancements in the amorphous forms in the two systems differ quantitatively [31].
To sum up, the diffusion results obtained here on microcrystalline 𝛾-LiAlO
2
are shown in Figure 8. The diffusion coefficients derived from the different meth-
ods are in agreement. The solid line is the linear fit of the 𝑄
avg
and SAE diffu-
sion coefficients in the Arrhenius plot yielding an activation energy of 0.7 eV. The
activation energy estimated from SLR NMR methods agrees with this result. It
is known that activation energies from microscopic methods probing also short-
rangemotion usually are smaller than those frommacroscopicmethods [29]. This
effect which is mostly ascribed to correlated ionic motion was observed for both
single crystalline [13] and microcrystalline (present work) 𝛾-LiAlO
2
.
4 Conclusion
Li ion diffusion inmicrocrystalline 𝛾-LiAlO
2
was studiedwith several NMRmeth-
ods and impedance spectroscopy. All our NMR results are in agreement with the
NMR result from the literature for single crystals [13]. The activation energy es-
timated from NMR (𝐸
a
= 0.7 eV) is also close to the activation energy from our
impedance spectroscopy data (0.9 eV). When compared with the Li diffusivities
of the amorphous and the nanocrystalline forms, those of the microcrystalline 𝛾-
LiAlO
2
are lower, as expected.
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